Proprioception: A Channel for Body Sense in the Worm  by Schafer, William R.
Further analysis of the Cyp26b1
XY deficient mice will show
whether RA is enough to induce
all meiotic stages in germ cells and
form oocytes and what effect this
has on testis development. These
novel and exciting discoveries will
now allow us to address these
and many more questions that
will advance our knowledge on
this most fundamental process.
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R509Proprioception: A Channel for
Body Sense in the Worm
A TRP family cation channel has been found to be critical for
proprioception in the nematode Caenorhabditis elegans. This is
a starting point for understanding conserved mechanotransduction
mechanisms in proprioceptor neurons, and for deciphering how sensory
feedback can function within a defined neural circuit to produce
coordinated patterns of motor activity.William R. Schafer
In even the simplest of animals,
the generation of coordinated
body movements relies heavily on
sensory feedback. In this process,
known as proprioception,
mechanosensory neurons
detect forces generated as
a consequence of body
movement, such as membrane
stretch, and use this information
to modulate the activity of
locomotor circuits. As with most
mechanotransduction processes,
there are many gaps in our
understanding of the molecular
and biophysical properties
underlying the function of these
proprioceptive mechanoreceptors.
Furthermore, the mechanisms
by which proprioceptors act in
the context of neural circuits to
control locomotor patterns are
incompletely understood.
With regard to the molecular
mechanisms of proprioceptormechanotransduction, two broadly
conserved families of ion channels
represent the likeliest suspects.
The first of these is the DEG/ENaC/
ASIC family of channels. These
form heteromultimeric complexes
with stomatins which are
permeable to sodium and, in some
cases calcium [1,2]. Several of
these — for example, MEC-4 in the
nematode Caenorhabditis elegans
and BNC1 in mammals — have
been shown to function in
mechanosensation [3,4], although
none has been reconstituted as
a mechanically sensitive channel
when expressed in heterologous
cells. The second family is that
of TRP cation channels. Among
the many members of this family,
several are either known to be
important for mechanosensation
in vivo — for example, the
C. elegans TRPV channel OSM-9
and the vertebrate TRPA1
[5,6] — or have been shown to
be activated by mechanicalforces in heterologous expression
systems, as in the case of
mammalian TRPV4 [7].
In a recent study [8],
a mechanotransduction channel
involved in proprioception was
identified and characterized for
the first time in the C. elegans. This
channel protein, encoded by the
trp-4 gene, is orthologous to the
Drosophila nompC channel,
a molecule critical for hair cell
mechanotransduction in the fruitfly
[9], as well as to the zebrafish
nompC, which is required for the
function of auditory hair cells [10].
Previous studies had reported that
C. elegans trp-4 is also expressed
in putative mechanoreceptor
neurons, involved in worm’s nose
[9,11], suggesting that it is also
likely to encode amechanosensory
channel. However, as no mutations
in trp-4 had been identified, the
precise role of this channel in
nervous system function and
behavior was not known.
To investigate this question, Li
et al. [8] obtained a deletion allele
of trp-4 and closely analysed video
recordings of trp-4mutant animals.
Interestingly, they observed that
the trp-4 mutants generated
abnormal locomotion waves,
with exaggerated body bends
and larger than normal wave
amplitudes. When they
investigated the cellular focus of
this phenotype, they surprisingly
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DVA, in which expression of the
wild-type trp-4 allele was found to
be sufficient to restore a normal
locomotion waveform. Although
the function of DVA was essentially
unknown, Li et al. [8] logically
conjectured that it might function in
proprioception, and that TRP-4
channels might function as stretch
receptors in these neurons to
provide sensory feedback to the
locomotor control circuit.
To test this possibility, Li et al. [8]
used a genetically encoded
calcium indicator to measure DVA
activity in response to body
bending. In keeping with their
hypothesis, they observed
frequent calcium transients in DVA
when worms bent their body while
thrashing in liquid. In addition, they
found that, when they grabbed
awormby its tail, they could induce
calcium transients in DVA by
forcing the worm to bend its body.
Both the calcium transients in
response to spontaneous
movement and experimenter-
induced bending were dependent
on trp-4. The responses of DVA to
bending were not abolished by
eliminating the synaptic inputs to
DVA, and expression of wild-type
trp-4 in DVA alone was sufficient
to rescue both the waveform
phenotype and the cellular
response of DVA to bending.
Thus, DVA appears to be a primary
proprioceptor neuron which
modulates the shape of the
locomotion wave.
One interesting observation from
these imaging studies is that, while
bending the worm body induces
a calcium increase in DVA,
straightening the body appears to
cause a calcium decrease. This
contrasts intriguingly with the
results of similar imaging and
electrophysiological studies of
a DEG/ENaC-mediated
mechanosensory response in the
C. elegans gentle body touch
receptors. In these neurons, either
an increase or a decrease in
pressure against the cuticle leads
to a calcium increase in the neuron
[12] and a depolarization of the
cell membrane [13]. This difference
in the sign of the ‘off’ response
may indicate a fundamental
difference in the response
properties and transductionmechanisms in TRP-mediated
and DEG/ENaC-mediated
mechanosensation.
These intriguing findings also
raise some equally intriguing
puzzles. For example, ablation of
DVA in wild-type animals does not
cause the loopy waveform
phenotype seen in the trp-4
mutant, while DVA ablation in
trp-4 mutants suppresses the
exaggerated bending phenotype.
These results imply that the trp-4
mutation leads to an inappropriate
pattern of activity in DVA, rather
than merely making DVA inactive.
Li et al. [8] suggest that, in addition
to the TRP-4 channel, which
feedback-inhibits body bending,
DVA might also possesses
a trp-4-independent activity that
promotes body bending. It is also
possible that the absence of DVA
leads to developmental
compensation in the locomotor
control circuit which does not
occur when DVA is present but
less active in a trp-4 mutant
background. Further studies
should shed light on these
possibilities.
Another important question is
whether other neurons in the
locomotor circuit are involved in
proprioception. In particular, earlier
genetic studies have suggested
that DEG/ENaC channels in the
processes of ventral cord
motorneurons might contain
proprioceptive stretch receptors.
Loss-of-function mutations in the
DEG/ENaC channel gene unc-8
lead to an abnormal waveform
phenotype, essentially opposite
to that of trp-4 mutants: the
animals exhibit shallower than
normal body bends [14]. Thus,
activation of UNC-8 channels by
bending-induced membrane
stretch might serve to promote,
rather than inhibit body bending.
This model is attractive in part
because the unc-8-expressing
neurons in the ventral cord
contain long processes, the
most distal portions of which lack
synapses; a sensory function for
these distal processes would be
a logical surmise. Moreover, the
processes of the cholinergic
motorneurons are oriented in
such a fashion that stretch
activation of a given motorneuron
would lead to excitation of theadjacent motorneuron, causing
a domino-like chain of
depolarizations that would
facilitate a wave of muscle
contraction. This hypothesis is
so logical, it would be a shame if
it were not true. However, a test
of this hypothesis by neuroimaging
experiments remains to be
carried out.
As a final comment, this new
study [8] illustrates the benefits
that the new technology of
genetically encoded neural
indicators can provide to the
neuroscience of animals like
C. elegans. Several recent studies
have used these techniques to
characterize the properties of
sensory neurons and muscle cells
known to be involved in particular
behaviors [15–19]; here this
technology has been used to
identify a previously unsuspected
function for a neuron. We should
expect more surprises of this sort
in the future.
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